INTRODUCTION
Autoimmune diseases affect 5% of the human population (1) . Although there is considerable heterogeneity among these disorders, their manifestations are believed to arise from immune-mediated attack against self-antigens. In some cases, the immune response targets specific organs and tissues. For example, in multiple sclerosis (MS), the immune system targets the protective myelin sheaths surrounding nerves (2) . In type I diabetes (IDDM), the immune system destroys the insulin-producing b cells but spares the other cells within islets of Langerhans in the pancreas (3) . Clinical manifestations of autoimmune disease may also lead to more systemic effects. The major symptoms of rheumatoid arthritis (RA) arise through immune-mediated destruction of peripheral joints; however, these features are typically accompanied by systemic complications such as rheumatoid nodules and vasculitis (4) . Many of the pathologic aspects of systemic lupus erythematosus (SLE) arise from vascular deposition of immune complexes, with resulting immune-mediated injury occurring at numerous sites (5) .
Despite their clinical heterogeneity, recent studies examining gene expression profiles in peripheral blood mononuclear cells (PBMC) of individuals with autoimmune disorders reveal common features that are either shared within a disease group or among disease groups. For example, two independent groups have reported that SLE patients with aggressive disease exhibit similar gene expression profiles (6, 7) . Similarly, we have identified gene expression signatures in RA that vary as a function of disease duration (8) . We have also found a common gene expression signature that is present in PBMC of all patients with RA, SLE, IDDM and MS (9) . This expression signature is composed of both under-and over-expressed genes and perfectly discriminates between patients with autoimmune disorders and normal controls and appears to be independent of disease severity, duration, symptoms and treatment.
Substantial evidence points toward a heritable component for many autoimmune disorders. Epidemiological data suggest that there are underlying genetic contributions to disease susceptibility. The relative risk of autoimmune disease in siblings (l S ) and monozygotic twins (l MZ ) when # The Author 2005. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oupjournals.org compared with the general population is elevated in a number of autoimmune diseases. For example in SLE, the l MZ has been estimated to be around 250 and l S is around 20, risks that are substantially greater than those for the general population (10, 11) . Similar results have been reported for RA, MS, ankylosing spondylitis and IDDM (10,12 -14) . Further epidemiological support for an underlying genetic contribution to autoimmunity comes from studies in autoimmune prone families. In these families, multiple individuals suffer from a variety of autoimmune disorders suggesting a common underlying genetic predisposition to autoimmunity (15 -17) .
Genetic linkage studies provide additional evidence for a genetic contribution to disease susceptibility. A large number of linkage studies have been performed in MS (18 -20) , IDDM (21 -23) , SLE (24 -27) and RA (28, 29) . These studies have revealed that the strongest linkage for susceptibility to autoimmunity resides in the HLA locus. Additional non-MHC loci have also been identified. A substantial number of these non-MHC susceptibility loci are shared among different autoimmune diseases suggesting that there are at least two types of autoimmune susceptibility loci; those that are shared among autoimmune diseases and those that are specific for an individual autoimmune disease (30, 31) .
Recent studies examining the genetics of gene expression in a range of eukaryotic organisms have revealed that differences in gene transcript levels can arise through inheritance (32, 33) . In this sense, unique gene expression profiles in autoimmune patients may also arise from genetic factors associated with susceptibility to autoimmunity. In a preliminary attempt to address this question, we examined gene expression profiles in unaffected first-degree relatives of patients with RA or SLE. Unaffected first-degree relatives of individuals with autoimmune disease exhibited gene expression patterns distinct from normal control individuals but similar to autoimmune patients. Many of the differentially expressed genes (DEGs) present in unaffected family members were the same genes found in patients with autoimmune disease. Furthermore, studies examining correlation of gene expression levels among parent -offspring pairs revealed that the expression levels of 'autoimmune signature' genes displayed higher levels of family resemblance than did non-autoimmune signature genes.
RESULTS
Similarities in gene expression profiles between individuals with autoimmune disease and unaffected first-degree relatives of individuals with autoimmune disease
We wanted to determine if gene expression profiles from unaffected first-degree relatives of autoimmune patients were more closely related to profiles of control individuals or autoimmune patients. We used standard microarray analysis to collect gene expression profiles from the PBMC of control individuals, autoimmune patients and unaffected first-degree relatives of individuals with autoimmune disease. Each of the six unaffected first-degree relatives of autoimmune individuals was unrelated to any of the eight autoimmune individuals or six healthy control individuals in this preliminary analysis. Initially, a hierarchical clustering algorithm was used to compare unaffected family members to control individuals by overall relatedness of gene expression profiles (using all 4000þgenes). As illustrated by a representative node of genes that reflect the hierarchical clustering of all over 4000 genes, this analysis grouped all control individuals into a single branch and all unaffected family members into separate branches (Fig. 1A) .
As unaffected first-degree relatives of autoimmune patients displayed expression patterns distinct from control individuals, we wanted to determine whether the profiles of unaffected family members were also distinct from unrelated patients with autoimmune disease. The same hierarchical clustering algorithm was employed to group individuals and genes by overall similarities in expression patterns. As with the previous clustering, a representative node that reflects the clustering of the total genes was selected. In contrast to the earlier results, the program did not group unaffected family members and individuals with autoimmune disease into separate branches (Fig. 1B) . We were unable to find gene nodes that accurately discriminated between autoimmune patients and unaffected family members using unsupervised hierarchical clustering.
Next, we compared individuals in all three groups using the same clustering algorithm. All control individuals were segregated into a single branch. All unaffected family members and autoimmune individuals were segregated into the remaining branches (Fig. 1C) . Unaffected family members and autoimmune individuals did not segregate into separate branches. Rather, each branch with autoimmune individuals also contained unaffected first-degree relatives. As described previously, we chose a node of genes that reflected the differences in the clustering profiles (Fig. 1C) . Of note, many of the genes present in this node have been previously defined as part of an under-expressed autoimmune gene expression signature (9) .
Autoimmune signature genes are differentially expressed in unaffected first-degree relatives To determine whether DEGs from unaffected family members overlapped with those from autoimmune patients, we performed k-means clustering analysis. We compared the average gene expression levels among the control, unaffected first-degree relative and autoimmune patient groups (Fig. 2) . We used the same profiles for the control individuals examined in Figure 1 (n ¼ 6, control). As an additional control, we included gene expression profiles from the same control individuals after immunization with influenza vaccine (n ¼ 6, MidIMM) (9) . The average gene expression levels of the control groups were compared to the average gene expression profiles of the previously examined autoimmune patients (n ¼ 8) (RA, n ¼ 4 and SLE, n ¼ 4; autoimmune) and unaffected first-degree relatives (n ¼ 6, unaffected FAM).
As a group, we found that the most DEG clusters (Chen test, P , 0.01) in autoimmune patients were differentially expressed to the same extent in unaffected family members (Fig. 2) . The over-expressed autoimmune/unaffected family cluster contained a total of 127 genes and the under-expressed cluster contained 74 genes. Approximately 52% (66/127) of the total over-expressed and 55% (41/74) of the total
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Human Molecular Genetics, 2005, Vol. 14, No. 10 under-expressed genes were autoimmune genes, revealing that a large percentage of the most DEGs were autoimmune signature genes ( Fig. 2A) . When the stringency for significance was increased to 99.9% (Chen test, P , 0.001), .90% of the remaining DEGs were previously identified autoimmune signature genes (9) (Fig. 2) . We also performed analyses to determine the contribution of the autoimmune signature to the DEGs in individual profiles. To do this, we first used the k-means clustering algorithm to group genes with similar expression patterns among control individuals, immune response individuals and an individual unaffected family member (Fig. 3A) . The ratio of gene expression (experimental/control, LN) was determined for each of the over 4000 genes for the control group, the immune response group and each unaffected family member or autoimmune individual (RA and SLE). Differences in gene expression among the groups that did not achieve statistical significance (Chen test, P , 0.01) were excluded from further analysis (Fig. 3B ). Both the major over-and underexpressed gene clusters were isolated ( Fig. 3Ca and b) . We further restricted these DEG clusters to the autoimmune signature genes ( Fig. 3Da and b) identified in the previous studies.
Using results from this type of analysis, we determined the percentage of autoimmune genes present in the DEGs of unaffected family members. For example, after clustering and statistical treatment, the unaffected first-degree relative F1-M had two major DEG clusters: an under-expressed cluster of 246 genes and an over-expressed cluster of 245 genes. We previously defined the autoimmune signature genes (RA, SLE, IDDM and MS) as an under-expressed cluster of 113 genes and an over-expressed cluster of 96 genes from a total of more than 4000 genes on the microarray (9). When we restricted the DEG clusters in individual F1-M to autoimmune genes, the under-expressed cluster retained 75 genes and the over-expressed cluster retained 86 genes. Therefore, after clustering, statistical treatment and restriction of non-autoimmune genes, we found that individual F1-M contained 66% (75/113) of the under-expressed and 90% (86/96) of the over-expressed autoimmune signature genes in their total DEG profile.
Results have been summarized in Table 1 for control individuals, autoimmune patients and unaffected family members. DEGs in control individuals contained only a small percentage of genes from the autoimmune signature. Conversely, individuals diagnosed with autoimmune disease contained significantly higher percentages of both the over-and under-expressed autoimmune signature genes (47% + 44, P , 0.02 and 54% + 15, P , 10 24 , respectively). Unaffected first-degree relatives also contained significantly higher numbers of autoimmune genes represented in the under-expressed cluster when compared with control individuals (44% + 24, P , 0.01). The over-expressed cluster in family members had a higher percentage of autoimmune genes as well, but these differences did not achieve statistical significance.
In addition to the total autoimmune signature, we previously identified a core set of 35 ESTs that were consistently underexpressed in autoimmune individuals (9) . We utilized the same method as outlined previously (Fig. 3 ) to determine the representation of this core in unaffected family (Table 1) . Of these 35 ESTs, only 29 ESTs map to known genes using current genome databases. Therefore, we elected to restrict this analysis to those 29 ESTs that have been aligned with known genes in the human genome database. Control individuals had few of these core genes present among their most DEGs (7% + 10). DEGs for both autoimmune patients and unaffected first-degree relatives were highly represented (90% + 12 and 76% + 25, respectively) and were statistically significant when compared with controls (P , 10 27 and P , 10 23 , respectively). There was no statistically significant difference between the percent of these core genes present in autoimmune patients and unaffected family members. Overall, these data demonstrate that genes differentially expressed in individuals with autoimmune disease are also differentially expressed in unaffected first-degree relatives.
Given the fact the core genes were so highly represented in unaffected family members, we wanted to see how the individual profiles would cluster if we restricted the microarray data set down to the 29 gene autoimmune core. Profiles from control individuals sorted with a remarkable degree of precision to a single branch (Fig. 4) , whereas both autoimmune and unaffected family member profiles segregated into the other branches. This analysis further supports the Figure 2 . Percentage of DEGs in unaffected first-degree relatives that are autoimmune signature genes. Using an approach similar to that outlined in Figure 1 , we determined the percent contribution of autoimmune genes to the most differentially expressed clusters identified in unaffected family members compared to random controls. Gene expression data are presented as the natural alogarithm of ratio (control/control, immune/control, unaffected first-degree relative/ control and autoimmune/control). (A) Percent of autoimmune signature genes found in DEGs (P , 0.01, Chen test) for unaffected family members. (B) Percent of autoimmune signature genes found in DEGs (P , 0.001, Chen test).
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hypothesis that gene expression profiles of individuals with autoimmune disease and unaffected first-degree family members are highly similar to each other and that both groups are highly distinct from control individuals. Unaffected family members do not display signs of autoimmune disease, however, they contain a high number of autoimmune DEGs. Therefore, we wanted to determine whether there were DEGs that could discriminate unaffected first-degree relatives from individuals with autoimmune disease. Using a variety of approaches, we were unable to identify combinations of DEGs that successfully discriminated between all unaffected family members and all individuals with autoimmune disease (data not shown). This is not meant to imply that other computational methods would not be able to identify combinations of DEGs that successfully discriminate between these two groups.
Autoimmune signature genes display high levels of family resemblance
Our findings indicate that the gene expression profile of an unaffected first-degree relative is more similar to an unrelated individual with autoimmune disease than an individual from our control group. This argues that transcript levels of a proportion of the autoimmune signature genes may be determined by family resemblance rather than by disease activity. We wanted to use a combination of computational techniques and statistical analyses to determine the degree of gene expression resemblance among family members. We reasoned that if expression levels of autoimmune genes demonstrated a high family resemblance, they should be similar between a parent and offspring but may vary among parent -offspring pairs.
To perform this analysis, we determined the correlation coefficients of expression levels for individual genes in eight parent -offspring pairings as an indication of the level of family resemblance for autoimmune signature genes and non-autoimmune signature genes present on the microarray data set. In five of these pairings, one individual suffered from a previously examined autoimmune disorder (RA, MS, IDDM or SLE), whereas the other individual was unaffected. In the three remaining pairs, neither parent nor offspring had one of the four major autoimmune diseases we have previously studied. Because of small sample size, we utilized the non-parametric Spearman rank correlation coefficient to determine the degree of parent -offspring relatedness for a given gene. Genes and expression data were divided into one of three major categories: over-expressed autoimmune genes (94 genes), under-expressed autoimmune genes (111 genes) and non-autoimmune genes (3924 genes). The average Spearman correlation coefficient for each category was calculated. Examples of the autoimmune signature genes displaying the highest average levels of correlation are provided in Tables 2 and 3 .
The results of the Kruskal -Wallis test suggested that the correlations among the three gene categories were not the same (P , 0.0001). The pairwise comparisons were completed using a permutation test (34), a non-parametric test without the assumption of a normal distribution. The permutation test was applied to the t-statistics of the rank score of Spearman correlation to determine which of the categories (over-, under-or non-autoimmune genes) were significantly different. SAS/STAT MULTTEST, which controls the family-wise error rate for multiple hypothesis testing was used for the analysis of the pairwise comparisons. The genes that remained were used to calculate the percent of the total autoimmune signature gene present in the clusters ( Table 1 ).
The results revealed that, on average, expression levels for the both over-and under-expressed autoimmune genes were more highly correlated between parent and offspring than to the non-autoimmune genes (Fig. 5A ). These differences were highly significant for both over-expressed autoimmune genes versus non-autoimmune genes and under-expressed autoimmune genes versus non-autoimmune genes (P , 0.0001, permutation t-test). Comparison of the average correlation for the over-and under-expressed autoimmune genes was not significant (P ¼ 0.83, permutation t-test).
In addition to examining the average degree of correlation for the autoimmune and non-autoimmune gene expression signature groups, we determined whether genes displaying significant parent -offspring correlation were distributed differently among autoimmune and non-autoimmune signature genes. To perform this analysis, we determined the number of genes in the non-autoimmune, under-expressed and overexpressed autoimmune signature groups, which showed evidence of significant family resemblance (Table 4) . Transcript levels of 33% of the non-autoimmune genes showed evidence of significant parent -offspring resemblance, R s . 0.7, P 0.05. We used a similar approach to compare transcript levels of autoimmune signature genes. Of the overand under-autoimmune signature genes, 67 and 62% of the genes, respectively, demonstrated significant correlation R s . 0.7, P 0.05 in the family comparison. An odds ratio analysis of the correlation data was used to further determine whether autoimmune genes were more likely to be significantly correlated than the non-autoimmune genes (Table 4) . Both over-expressed and under-expressed autoimmune genes were more likely to be significantly correlated (R s . 0.7) than nonautoimmue genes in the pairwise family analysis because the over-expressed genes have 4.27 times (P , 0.0001) higher odds than the odds of non-autoimmune genes. Similarly, the under-expressed genes have 3.45 times (P , 0.0001) higher odds compared with the non-autoimmune genes.
DISCUSSION
We have used several different approaches to compare gene expression profiles among control individuals, unaffected family members and autoimmune patients. Hierarchical clustering of gene expression profiles shows that unaffected family members more closely resemble unrelated autoimmune patients than unrelated control individuals. Examination of the DEGs in unaffected family members reveals that a significant portion of these genes are previously defined autoimmune signature genes. This finding is confirmed by examining the contribution of autoimmune signature genes to the DEGs in Data resulting from analysis described in Figure 3 . Data are presented as %. The percentage of autoimmune signature genes present in the DEG clusters were calculated for each individual (P , 0.01, Chen test). The percent of core autoimmune DEGs were also calculated for each individual. P-values for the autoimmune and unaffected first-degree relative groups were calculated relative to the control group averages (Student's t-test). individual unaffected family members. The finding that unaffected first-degree relatives carry a significant portion of the autoimmune signature suggests that this expression pattern may reflect a family trait. Although the sample size in this study is not large enough to accurately estimate heritability of gene expression levels, we present the regression relationship of gene expression levels among first-degree relatives as an initial assessment of familial resemblance. We consider a statistically significant slope of the regression line to be a preliminary evidence that first-degree relatives have more similar gene expression levels than would be expected for unrelated subjects.
To begin examining the heritability of gene expression in the context of human autoimmune disease, we derived correlation coefficients for the gene expression levels from parent -offspring pairs of unaffected and autoimmune families. This pairwise analysis revealed that gene expression levels of 33% of the genes present in our microarray data set demonstrate significant familial correlation, a percentage similar to those reported examining gene expression in extended families (33) . We also find that expression levels of previously identified autoimmune signature genes demonstrate significantly higher levels of familial correlation than the remaining genes on the microarrays. This finding provides further support for the notion that the autoimmune gene expression pattern reflects a heritable trait or traits.
The incidence of autoimmune diseases in families with an affected individual is increased compared with the general population. In particular, previous examination of the inheritance of an autoimmune phenotype in families with at least one affected individual shows interesting parallels with our microarray results (35) . To perform this analysis, researchers extended the definition of an autoimmune phenotype to include either the presence of an autoimmune disease (SLE) or the presence of serological markers used to diagnose SLE. These include anti-nuclear antibodies, anti-single stranded DNA antibodies and a false positive blood test for syphilis. Analysis of these families using this extended autoimmune phenotype suggests that the autoimmune phenotype is inherited as an autosomal dominant trait with greater penetrance in females than in males. As gene expression levels may be even more closely linked to the biochemical processes that give rise to them, analysis of gene transcript levels as a genetic trait may provide even greater resolving power than assessment of sub-clinical traits such as these (33) . List of over-expressed autoimmune genes displaying the highest correlation coefficient in parent -offspring pairs. Only genes displaying correlations .99% significance are shown. Genes are denoted by accession number (ACC) and gene symbol (GENE). The corresponding Spearman correlation (R s ) and significance (P-value, Student's t-test) for each gene are shown. List of under-expressed autoimmune genes displaying the highest correlation coefficient in parent -offspring pairs. Only genes displaying correlations .99% significance are shown. Genes are denoted by accession number (ACC) and gene symbol (GENE). The corresponding Spearman correlation (R s ) and significance (P-value, Student's t-test) for each gene are shown.
In model systems, several recent studies have addressed the question of the inheritance of gene transcript levels. Through the combined approach of microarray profiling and genetic linkage analysis, researchers have shown that gene expression patterns are heritable under a variety of conditions across a range of species (32,33,36 -41) . In particular, several recent studies have examined the genetics of gene expression in cell lines derived from several extended human families (36 -38) . These studies have universally found that variations in transcript levels of many genes have a heritable component. One power of this approach is that linkage analysis also identifies loci that regulate variation in transcript levels and knowledge of the gene encoding the transcript will undoubtedly stimulate identification of 'candidate genes'. We hypothesize that this type of approach in autoimmune disease will dramatically enhance the search for candidate genes in the loci identified by linkage analyses.
As screening patients with a range of autoimmune disorders identified this gene expression signature, we believe it reflects a common property of autoimmune disease. In addition to the inheritance of an autoimmune phenotype, more recent family (15, 42) and genetic linkage studies (28, 30) suggest that there are common genetic regions linked to multiple autoimmune disorders. As gene expression profiles can be a product of genotype, we believe that this autoimmune gene expression signature may arise through a heritable trait or traits that may represent a risk factor for developing autoimmune disease.
MATERIALS AND METHODS

Patient populations
The study consisted of the following groups as described in the text: All autoimmune patients satisfied established ACR criteria for diagnosis of their respective disease. Human subject studies were approved by the committee for the protection of human subjects of the Vanderbilt University Institutional Review Board.
Sample preparation and RNA isolation
All blood samples were processed within 2 h of collection. In order to reduce variability from handling, a single individual performed all RNA extractions and microarray hybridizations. PBMCs were isolated from heparinized blood by centrifugation on a Histopaque gradient (Sigma, St Louis, MO, USA). Flow cytometry was used to estimate the relative leukocyte distribution in representative samples from control, normal immune response and autoimmune disease groups. All groups were composed of 75% T lymphocytes, 10% B lymphocytes, 5% monocytes and ,1% contaminating neutrophils. Tri-Reagent (Molecular Research Ctr. Inc., Cincinnati, OH, USA) was used to isolate total RNA according to the manufacturer's protocol.
Probe synthesis and microarray hybridization
Total RNA was reversed transcribed with Superscript II reverse transcriptase (Gibco BRL Life Technologies, Rockville, MD, USA) in the presence of 33 P-dCTP, to yield radio-labeled cDNA probes. The cDNA probes were hybridized to the Research Genetics GF-211 gene filters (Research Genetics, Huntsville, AL, USA) according to the manufacturer's protocol. After overnight incubation, unhybridized Over-and under-expressed autoimmune DEGS (OA DEGS and UA DEGS, respectively) were compared to non-autoimmune DEGS (NA DEGS). The number (n ) and percentage (%) of genes demonstrating high (R s . 0.7) and low (R s 0.7) parent -offspring correlations are shown. The odds ratio and confidence intervals for genes displaying high correlation (R s . 0.7) are showed for comparisons between the autoimmune DEGS and the NA DEGS. Additionally, P-values were calculated from Pearson's x 2 analysis comparing autoimmune DEGS with non-autoimmune DEGS. 
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Human Molecular Genetics, 2005, Vol. 14, No. 10 probe was successively washed from the filters using 2 Â SSC buffer/1% SDS (2 Â 20 min) and 0.5 Â SSC buffer/1% SDS (1 Â 10 min). The filters were exposed to a phosphorimaging screen for 24 h, scanned and digitally imported for computer analysis.
Clustering data analysis of DEGs
Images were digitally imported and processed using Research Genetic's Pathways 3.0 software package. Data were normalized to yield an average intensity of 1.0 for each clone (4329) represented on the cDNA microarray. Hierarchical clustering analysis was performed using Eisen's Cluster and Treeview software. Total microarray gene expression intensities were entered into a tab-delimited database and analyzed using the Cluster software package. To aid in the visualization of the clustered total database, a single representative node of genes was arbitrarily selected that reflected the overall clustering of the analyzed samples. For further clustering analysis, data sets were restricted to previously defined 'core' autoimmune genes and subjected to hierarchical clustering as described previously.
Identification of autoimmune genes in DEG clusters
Research Genetics Pathways 3.0 program was used to identify autoimmune genes present among the most DEGs in individual profiles. Microarrays from previously compiled control groups were separated into two reference conditions: control (control individuals) and post-immunization (6 -9 days after immunization with flu vaccine). The gene intensities for each control condition group were averaged. Individual expression profiles for control individuals, RA and SLE patients and unaffected first-degree family members were compared against the compiled control conditions. Expression levels were represented graphically by plotting the natural logarithm of the ratio of the gene expression intensity in the experimental group versus the control group for each condition. Genes that did not change significantly as determined by the Chen test over any of the conditions were removed from the database (43, 44) . The Chen test is a statistical analysis that determines whether two sampled intensities are different on the basis of a specified confidence interval (99% for all tests, unless otherwise specified). Unlike the t-test, this test is specifically designed for pair-wise comparisons of microarray data. After removal of genes that did not display significant difference, the remaining genes in the data set were clustered using an unsupervised k-means clustering algorithm with 10 centroids. The major under-and over-expressed clusters in the individual profiles were isolated and the total number of genes in the respective clusters determined. The differentially expressed clusters were restricted to previously identified over-expressed, under-expressed and core autoimmune genes using Pathways 3.0 Paths command.
Hybridization intensity correlation coefficient calculations
Spearman rank correlation measured the degree of correspondence between the ranks of the sample observations rather than between the observations themselves. The procedure to calculate the Spearman correlation was as follows:
( 
